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Occurrence of renal pelvic refluxes during rising urine flow
rate in rats and hamsters
B0DIL SCHMIDT-NIELSEN, MONIQUE CHURCHILL, and LARRY N. REINKING
The Mount Desert Island Biological Laboratory, Saisbury Cove, Maine
Occurrence of renal pelvic refluxes during rising urine flow rate
in rats and hamsters. Retrograde movements of urine into the
renal pelvic space (pelvic refluxes) were studied in anesthetized
Munich Wistar rats and hamsters. The urine was made green by
a continuous iv. infusion of lissamine green in saline, and the
experimental kidney was either placed on a shallow trough or left
in situ. The renal pelvis was exposed and illuminated with a fiber
optic light, and urine movements were observed through the
transparent but intact pelvic wall. Urine was collected from both
kidneys in the rats. In both rats and hamsters, the inner medulla
of the kidney was analyzed for solutes at the end of the experi-
ment. The experimental procedures did not interfere with the
normal function of the experimental kidney, and the results were
the same in rats and hamsters. During constant urine flow, full
refluxes did not occur. Urine either moved straight down the ure-
ter after it exited from the ducts of Bellini or it briefly bathed the
papillary tip. In rats, full pelvic refluxes started approximately
0.8 mm after a bolus injection (0.5 ml of isosmotic saline, i.v.), at
a time corresponding to a steep rise in urine flow (2 lmin2 100
g body wtt). Following increased infusion rate, full refluxes
were associated with an increase in urine flow of 0.05
zlmin2 100 g body wt1. Full refluxes were also seen in the
hamsters following a bolus injection or increased infusion rate.
Increasing intrapelvic pressure by 1 cm H20 also caused full pel-
vic refluxes. When full refluxes occurred, urine came into con-
tact with all areas of the renal pelvis. Because full pelvic refluxes
occur only during rising urine flow, this mechanism would bring
urine with decreasing osmolality into contact with the outer med-
ullary areas facing the pelvic space.
Survenue de reflux pyéliques au cours de l'augmentation du dé-
bit urinaire chez le hamster. Les mouvements rétrogrades d'urine
dans le bassinet ont été étudiés chez des rats Munich Wistar et
des hamsters anesthésiés. L'urine a été colorée en vert par une
perfusion continue de vert de lissamine dans du solute sale et le
rein experimental a été place dans une cupule peu profonde, ou
bien laissé en place. Le bassinet a été exposé et illumine avec
une fibre optique et les mouvements de l'urine ont etC observes a
travers Ia paroi pyClique transparente et intacte. L'urine des
deux reins a etC recueillie chez les rats. Chez les rats et les ham-
sters Ia médullalre interne a Cté analysCe a Ia fin de l'expérience.
Le protocole experimental n'a pas interfCrC avec le fonctionne-
ment normal du rein experimental et les résultats ont été les
mémes chez les rats et les hamsters. Quand le debit unnaire est
constant il n'y a pas de reflux. L'urine va directement dans
l'uretère ou bien elle baigne brièvement l'extrémité de la papille.
Chez les rats, des reflux pyéliques massifs commencent approxi-
mativement 0,8 mm après une injection unique (0,5 ml de solute
sale isotonique i.v.) au moment on le debit urinaire augmente
brusquement (2 dmin par 100 g de poids corporel). A la suite de
l'augmentation de debit de perfusion des reflux pyéliques mas-
sifs sont associés a l'augmentation du debit urinaire de 0,05
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dmin par 100 g de poids corporel. Des reflux massifs ont aussi
été observes chez les hamsters a Ia suite d'une injection breve
ou d'une augmentation du debit de perfusion. L'augmentation de
Ia pression intrapyélique de 1 cm d'eau determine aussi des re-
flux massifs. Quand les reflux massifs surviennent l'urine entre
en contact avec toutes les regions du bassinet. Du fait que les
reflux ne se produisent qu'au cours de l'augmentation du debit
urinaire l'urine qui est amenée au contact de Ia médullaire ex-
terne a une osmolalité qui baisse.
The physiologic function of the mammalian renal
pelvis' is poorly understood. It has been known [1-
3] that urine may fill the pelvis (or calyces in the
human kidney), and it is thought that exchange of
solutes and water can take place between the renal
medulla and the urine in the renal pelvis [4-8]. The
inner medulla has been assumed to be the site of
this exchange, although anatomic studies suggest
that the outer medulla may play an even more im-
What is called the renal pelvis in monopapillate and crest-
type kidneys (small rodents have the first type; cats, dogs and
sheep, the latter type) is the funnel-shaped space and its exten-
sion surrounding the inner and outer medulla [10, 14]. In some
multipapillate kidneys, such as those of man and pig, the struc-
ture is more complex, and different terminology is used. Kill [19]
describes the human pelvis as follows: 'The structural unit is the
funnel-shaped calyx into which the urine from a few but usually
one papilla enters. Through a neck of variable lengths the urine
is either emptied directly into the true' ampullar renal pelvis or
joins with urine from other calyces into a tube commonly called
calyx major before the ampullar part of the pelvis which is most
often referred to as the pelvis." Some authors who have not un-
derstood the complicated fornices of crest-type pelves have re-
ferred to the fornices in the pelvis of dogs as calyces. In the pres-
ent paper, what is referred to as the renal pelvis is thus analogous
to what is called the calyx in the human kidney.
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portant role [9-141. Thus, in many mammals, in-
cluding rats and hamsters, elaborate extensions
reach from the funnel-shaped space surrounding the
inner medulla deep into the outer medulla; these ex-
tensions (fornices and pouches) are bordered by
thin squamous epithelium, overlying capillaries and
tubules. The extensive surface of the outer medulla
in contact with the pelvic urinary space, as well as
the abundance of capillaries directly under the thin
epithelium, suggests a physiologic role of con-
tact of urine with the outer medulla. To elucidate
this role, however, it is necessary first to know the
physiologic conditions during which urine makes
contact with these areas of the renal pelvis.
Very little information concerning urinary move-
ments in the renal pelvis is available. Both Narath
[3] and Boyarsky [1] have observed retrograde
movement of pelvic urine, or pelvic refluxes, during
ureteral obstruction or diuresis in humans. In cer-
tain small rodents, the pelvis projects beyond the
rim of the cortex, and pelvic urinary movement can
be studied visually when the urine is made green by
the i.v. administration of lissamine green. The
chance observation that pelvic refiuxing occurs in
nondiuretic rodents during surgical preparation for
micropuncture studies [6] provided the clue that
pelvic reflux may be a regular occurrence. In later
experiments, it was found that pelvic refluxing in
hamsters was not a continuous phenomenon, but
that it could be induced by i.v. injection of saline or
by lifting the ureter slightly [15].
The present study was undertaken to system-
atically examine the physiologic conditions under
which pelvic refluxes occur in hamsters and rats.
Methods
Experimental animals were female Munich Wis-
tar rats (body wt, 76 to 110 g) obtained from Simon-
sen Laboratories (Gilroy, California), and male and
female Syrian hamsters (body wt, 70 to 92 g) ob-
tained from Telaco, Inc. (Bar Harbor, Maine). The
animals were maintained on laboratory chow (Jack-
son Laboratory #96 or Ziegler Brothers, Inc., NIH
104-76).
Munich Wistar rats. In group I (42 rats), the ani-
mal was anesthetized with Inactin (5-sec-butyl-5-
ethyl-2-thiobarbituric acid; 15 mg 100 g body wt1,
administered via a tail vein) and placed on its back
on a temperature-regulated operating table. Tem-
perature was monitored (by a thermocouple placed
in the rectum) and maintained at 37 10 C through-
out the experiment. The jugular vein and the carotid
artery were catheterized with polyethelene tubing
(PE 50). A priming dose of 0.2 ml of 10% inulin and
2% lissamine green in saline was injected i.v. fol-
lowed by a continuous infusion of the same inulin
solution and 1% lissamine green at 10 lmin1.
Both ureters were catheterized with PE-lO tubing
through a small midline incision 1 cm above the
bladder. The two catheters were brought out
through the incision, which was then closed. Then
the animal was placed on its right side, and the left
kidney was exposed through a flank incision just be-
low the rib cage. A shallow plastic trough was
placed under the kidney. To make the kidney lie
flat, it was necessary to remove only a few mem-
branes connecting it to the abdominal fat; it was not
necessary to decapsulate it or to remove the adrenal
gland. The kidney surface was covered with a small
piece of tissue paper soaked in light paraffin oil to
prevent drying and cooling. During the experiment,
the kidney surface was inspected frequently to
check that the tubules had a healthy appearance. A
fiber light was placed close to, and slightly below,
the pelvis as shown in Fig. la. The visible part of
the papilla and pelvis was 1500 to 2000 j.m long.
The illumination of the pelvis made it possible to
see the green urine in the collecting ducts, pelvis,
and upper ureter. Great care was taken not to dis-
turb certain areas of the pelvis that seemed particu-
larly sensitive to stimulation. The surgical prepara-
tion up to this point usually required 50 to 55 mm.
Five to ten minutes after the surgery was com-
pleted and until the end of the experiment, a Leitz
dissecting microscope (magnification, x 12.5 and
x 50) was used to observe pelvic contractions and
the movement of urine in the pelvis and ureter. A
Bolex camera, fitted to the microscope, was used to
record some of these observations on 16-mm film.
Pelvic contraction rates were determined 5 to 15
times during the experiment, and the velocity of the
peristaltic wave was later determined from the film
record. The movies were analyzed with a flatbed
editing machine (Magnasync/Moviola). Measure-
ments were made on the screen with a ruler and cor-
rected for the magnification.
Urine collections were begun 60 mm after the
priming dose of inulin and were continued through-
out the experiment. Each collection period was ap-
proximately 30 mm long, and arterial blood (ap-
proximately 0.2 ml) was sampled at the midpoints of
the periods. Because the technique described for
group I did not permit observations of rapidly
changing urine flow rates, another method was used
in group 11(21 rats) to monitor the urine flow contin-
uously while simultaneously watching the pelvis.
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Fig. 1. Diagra,n showing the exposure of the kidney. a In rats. The left kidney (A) is resting on the plastic trough (B). Jugular vein and
carotid artery are both catheterized (C). The pelvis is illuminated with a fiber light (D). Both ureters are catheterized (E). b In the
hwnsters (kidney in situ). The right kidney is in its natural position, the liver and diaphragm are held back by the plastic shield (B). The
right jugular vein is catheterized (C) and continuously infused. The fiber light (D) illuminates the pelvis.
The experimental procedure was the same as
above, except that the ureteral catheter from the ex-
perimental kidney or a bladder catheter was con-
nected to a 12-cm length of a precalibrated PE-50
tubing (which was changed when full), and the ad-
vance of the meniscus was timed at 1-mm in-
crements of movement (1 mm is approximately 0.26
p1). The pelvis was observed continuously, and the
data was collected on a tape recorder.
Urine flow rates were altered by three means: (1)
acute bolus i.v. injections of isosmotic saline (total
injection time, 10 to 20 sec); (2) the rate of i.v. in-
fusion of saline was increased, and inulin and lissa-
mine green were diluted accordingly; (3) in several
rats, water diuresis was induced by the technique of
Bonventre et al (0.2% saline was given by stomach
tube 90 and again 30 mm prior to anesthesia and
surgery, 5% of body wt each dose). These rats were
infused during the experiment with 0.2% saline at 50
/Lllmin.
Experiments were terminated 100 to 250 mm after
the animals were first anesthetized. Both kidneys
were immediately removed, and the inner medulla
was cut out and divided into two parts as shown in
Fig. 2. Pieces of tissue were placed in preweighed
Beckman Spinco microcentrifugation tubes con-
taining 40 p1 of water. The tubes were reweighed,
the cap of the tube covered with Paraflim, and
placed in a water bath of 950 C for 2 mm. They were
then placed in the refrigerator for 24 hours. After
this, the tubes were centrifuged, and the super-
natants, as well as the urine and plasma samples,
were analyzed for urea by the Conway method [17],
for sodium and potassium by flame photometry (In-
strumentation Laboratory, model 343) and for Os-
molality by the Wescor vapor pressure method. In-
ulin was determined in plasma and urine by the col-
orimetric diphenylamine method [18].
Hamsters. A total of 79 experiments were carried
out on hamsters. The animals were anesthetized by
i.v. injection of mactin, 15 mg100 g body wr'. The
experiments were carried out with hamsters on a
temperature-regulated table, as described above.
Fig. 2. Schematic drawing showing how the kidneys were sec-
tioned for analyses. The upper part of the inner medulla is shown
as 1M1, the lower part of the inner medulla, also called the pa-
pilla, as 1M2.
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The jugular vein was catheterized (PE 50) and 0.2
ml of a 2% solution of lissamine green in saline was
injected i.v. Then, a continuous infusion of 1% lis-
samine green in saline, 5 slmin', was begun. Two
procedures were used for exposing the pelvis: (1)
When the kidney was left in situ, the animal was
placed on its back, and the incision was made start-
ing 1 cm to the left of the midline, running parallel to
and just below the rib cage, to the right side of the
animal. The right kidney was exposed by laterally
deflecting the intestines and covering them with tis-
sue paper soaked in light paraffin oil. The liver was
pushed toward the diaphragm and held in place with
a small plastic shield as shown in Fig. lb. Then the
pelvis and upper part of the ureter were exposed by
carefully removing the fat on top of them. This pro-
cedure was used in 63 of the hamsters. (2) When the
kidney was placed on the plastic shield or trough
(see Fig. la), the animal was placed on its right side,
and the left kidney was exposed through a flank in-
cision just below the rib cage, as described for rats.
Then the trough was slid under the kidney. This
method did not appear to compromise the blood
flow to the kidney, as judged from the appearance
of the tubules on the surface of the kidney, and it
did not pull on the ureter or the pelvis. The pelvis
and ureter were illuminated with a fiber light as de-
scribed for the rat. Surgical preparation required 30
to 35 mm. In both types of pelvic exposure, the sur-
face of the kidney was covered as previously de-
scribed.
Five to ten minutes following surgery, the obser-
vation of pelvic contractions and urine movements
began and was continued until the experiment was
terminated 100 to 250 mm after the animal was first
anesthetized. During the course of the experiments,
acute i.v. injections of saline were given, and the
rate of i.v. administration of the saline-lissamine
green solution was changed, as described for the
rat. In the hamsters, it was not possible to catheter-
ize the ureter without affecting the pelvic refluxes.
The ureter is highly vascularized, and attempts at
catheterization resulted in bleeding, which blocked
the catheter and caused refluxing to occur. We have
measured, however, as described elsewhere, urine
flow rate in the hamster by measuring the change in
diameter of the bladder and have shown that the con-
tact time of the papillary collecting ducts with urine
is directly related to urine flow rate [16] (Reinking
and Schmidt-Nielsen, in preparation). Therefore, in
this study, urine flow rate was calculated from the
measured collecting duct contact time.
Following the experiments, blood samples were
taken from the heart, and urine samples were taken
from the bladder of some animals. The kidneys
were removed, and the medulla sectioned, treated,
and analyzed as described for the rat.
In separate experiments on four hamsters, dye
was slowly infused into the renal pelvis during full
pelvic reflux, to determine how far urine went up
into the fornices. The dye was infused at 0.125 l/
mm (about 12% of the urine flow rate from one kid-
ney in antidiuresis) through a micropipette (l0-m
tip diameter) inserted just below the tip of the pa-
pilla. The infusion was made using the air pressure
from a hand-operated syringe. The slow rate of in-
fusion was chosen to avoid an increase in the intra-
pelvic pressure, which could force urine into the
fornices. Various dyes were tested; a bromcresol
green solution (10% in 1% sodium chloride) was se-
lected as giving the maximum binding to the pelvic
mucosa. Following the injection, the kidneys were
removed and fixed in Telly's solution. They were
then sectioned and studied under the microscope.
Results
To test if the exposure and illumination of the ex-
perimental kidney affected its function, we com-
pared the GFR (by inulin clearance), urine flow,
urine osmolality, and urine concentrations of urea,
sodium, and potassium in the experimental and con-
tralateral control kidney of the rats (Table 1). The
data presented include all urine collection periods in
which urine was obtained from both kidneys. It can
be seen that glomerular filtration and urine flow
were reduced and that fractional water reabsorption
was increased in the experimental kidney. Urine os-
molality and urine concentrations of urea and potas-
sium were slightly higher on the experimental side,
but sodium concentration was not significantly dif-
ferent. Analyses of the inner medullary renal tissue
showed no significant differences in tissue solute
concentrations between the two kidneys (Table 2).
Urine was not collected separately from the two
kidneys of hamsters, but there was no significant
difference between experimental and control kid-
neys with respect to tissue solute concentrations
(Table 2). Thus, it appears that the experimental
procedures as adopted in the present experiments
do not drastically alter the function of the experi-
mental kidney as assessed by these indices. In par-
ticular, the concentrating ability of the experimental
kidney was not decreased.
Pelvic contractions in both rodents were similar.
The peristaltic wave originated above the visible
part of the pelvis. As determined from the film rec-
ords, the rate of propagation of the wave along the
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Table 1. Urine parameters from experimental kidneys (E) and ratio between experimental and control kidneys (E/C)
in Munich Wistar ratsa
E" E/Ce No. of urine samples No. of animals
GFR 376.5 91.5td min' 0.896 0030d 82 29
Urine flow rate 1.97 1.68d . min' 0.775 0.032" 110 37
Urine/plasma inulin 220.5 86.9 1.357 0.034" 82 29
Osmolality 1457 1342 mosm/kg H20 1.053 0.021" 110 37
Urea 502.9 319.4mM 1.081 0.035" 108 37
Sodium 95.8 79.4mM 0.970 0.079 105 37
Potassium 94.7 55.7mM 1.084 0.040" 105 37
a The values given in the first column represent the experimental kidney (E) only. The function of the exposed experimental kidney (E)
is compared with the function of the contralateral control kidney (C). The values are from all the experiments in which urine was
collected from both kidneys and in which the experimental kidney was not subjected to any special treatment (i.e., experiments with
mechanical reflux are excluded). Inulin was infused in only 29 out of the total of 37.
bValues are the means so.
Values are the means SEM.
dThe ratio is significantly different from unit (P < 0.05).
Table 2. Inner medullary (IM) concentration ratio between
experimental kidney and control kidney in Munich Wistar
rats and hamstersa
1M1
No.of
tissue
samples 1M2
No.of
tissue
samples
Munich Wistar rats
Osmolality 0.935 0.031 30 0.983 0.032 31
Urea 0.910 0.049 30 0.964 0.059 30
Sodium 0.942 0.028 31 0.970 0.034 31
Potassium 0.963 0.022 31 0.996 0.028 31
Hamsters
Osmolality 0.992 0.038 5 1.017 0.041 5
Urea 1.091 0.055 5 1.041 0.043 5
Sodium 1.012 0.042 5 1.020 0.030 5
Potassium 1.030 0.030 5 1.010 0.34 5
a IM, denotes the upper part of the inner medulla, and 1M2
denotes the lower part of the inner medulla. Values are the
means SEM.
papilla was 1.58 0.08 mmlsec1 (N = 13). With
contraction of the pelvic wall, the papilla became
visibly narrower; diameter of the papilla was re-
duced by as much as 20% as the peristaltic wave
moved over it (measured from the films). During the
contraction, blood flow in the capillaries in the pa-
pilla was temporarily stopped and briefly reversed.
The papilla tip moved retrograde in the pelvis,
about 200 tm, the moment urine had been swept
out of the ducts of Bellini. This movement of the
papilla appeared to be the result of ureteral con-
traction just below the papillary tip. Then, the pel-
vis relaxed and green urine gradually filled the col-
lecting ducts.
Pelvic contraction rate varied considerably from
one experiment to the other in both rats and ham-
sters. The highest rate measured in the rats was 44
min1; the lowest was 8 to 9 min1. No particular
pattern could be seen in these variations. Rate did
Table 3. Pelvic contraction rates in Munich Wistar rats
Urine flow
pJ/min
Pelvic contraction ratea
contra ctions/min
No. of urine
collection periods
0 to0.5 24.7 0.6 2
0.5 to 1.0 26.0 1.0 9
1.Oto2.0 26.0 1.41 24
2.0 to 3.0 22.5 2.2 7
3.Oto4.0 24.5 3.9 5
a Values are the means SEM.
not appear to be associated with urine flow rate in
the rats (Table 3).
Three major types of spontaneous urine move-
ments were observed during pelvic contraction: (1)
No reflux. There was no retrograde movement of
pelvic urine or of fluid leaving the ducts of Bellini
during the pelvic contraction. Rather, peristaltic
waves carried urine immediately down the ureter
toward the bladder. (2) Full pelvic reflux (Fig. 3).
During peristaltic contraction of the pelvis, the
ducts of Bellini emptied simultaneously with the
retrograde movement of the papilla tip toward the
cortex. Fluid leaving the ducts during this time, pel-
vic urine, and sometimes even ureteral urine,
moved retrograde over the entire papilla and dis-
appeared under the rim of the cortex at about the
time of relaxation. From the film records, the veloc-
ity of urine moving up over the papilla was deter-
mined to be 10.8 mm/see, which was about seven
times the speed of the peristaltic wave. During re-
laxation, urine filled the ducts and began to flow in-
to the pelvis. How soon after relaxation the collect-
ing ducts filled depended on urine flow rate [16]
(Reinking and Schmidt-Nielsen, in preparation).
During the next peristaltic wave, urine reappeared
from under the cortex and was swept down over the
papilla and once again entered the ureter. Full pel-
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Fig. 3. The renal pelvis of a hamster during refluxing (magnification, x60). a The pelvis partly outlined by the dotted line is filled with
green urine sweeping up over the papilla. The blood vessels (BV) in the pelvic wall are visible, b The urine in the pelvis has disappeared
under the rim of the cortex. The collecting ducts (CD) now visible are filled with green urine. c The peristaltic wave has moved down over
the pelvis sweeping urine from the collecting ducts and pelvis out in front of the wave. The urine is seen in the lower part of the pelvis and
in the ureter (Ur). Urine is also beginning to enter the collecting ducts (CD) at the top of the papilla (arrow).
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Fig. 4. Mean pelvic contraction rates in hamsters and rats. On
top of each bar 1 SEM is shown. The data are from 25 hamsters
(the kidney was studied in situ) and 39 rats. For each animal two
to four separate countings of the contraction rate are included.
During full pelvic refluxes, the contraction rate was significantly
lower than it was during no refluxes (P < 0.005 for both hamsters
and rats). During tip refluxes, the contraction rate was slightly
but significantly lower than it was during no refluxes in the rats
(P < 0.02) but not in the hamsters.
vic refluxes could also occur following retrograde
peristalsis of the ureter. The amount of urine reflux-
ing varied, and was greatest with the most pro-
nounced rise in urine flow (see later). At very high
urine flow rates, the pelvis and the ureter became
distended with urine, and the peristaltic con-
tractions became weak. (3) Tip reflux or partial re-
flux. Peristaltic contraction of the pelvis forced a
small amount of urine in a retrograde direction be-
fore moving it down the ureter toward the bladder,
but the urine did not reflux completely, that is, dis-
appear under the rim of the cortex as with full re-
flux. Rather, only the tip or part of the papilla was
bathed with urine that had refluxed.
No reflux, full reflux, and tip reflux were ob-
served in both rats and hamsters. Refluxes (both full
reflux and tip reflux) were observed to occur either
on each pelvic contraction, or sometimes on every
second to ninth contraction.
When full refluxes occurred, the pelvic con-
traction rate slowed. This relationship is shown in
Fig. 4. In both rats and hamsters, full refluxes were
associated with significantly lower contraction
rates. Tip refluxes were always not associated with
a significant change in contraction rate.
To measure the extent to which urine moves up
into the renal pelvis during full pelvic refluxes, we
infused a small amount of bromcresol green solu-
tion directly into the pelvis (see Methods) during
full refluxes. In all four hamsters, the urine was
found to have been in contact with all of the exten-
sions of the pelvis, that is, all fornices and second-
ary pouches were stained by the bromcresol green
solution (see Fig. 5).
When does pelvic refluxing occur? In the anesthe-
tized rat or hamster observed during constant in-
fusion (contant urine flow), full refluxes were very
rarely seen, whereas tip refluxes occurred occasion-
ally in about half of the animals.
In 31 rats with constant urine flow, each observed
continuously for an average time of 50.7 mm (range,
15.5 to 87.4; total observation time, 1571.5 mm), full
refluxes were seen in only 4 animals (Table 4). Of
these 4, only one single full reflux was seen in 1 ani-
mal, five in another, and in the remaining 2, full re-
fluxes were observed for a total time of 2 mm. Tip
refluxes on the other hand, were observed occa-
sionally in 10 of the rats. The urine flow rate ranged
among these rats from 0.88 to 9.74 lmin1100 g
body wt. The rats were divided into two groups to
determine if urine flow rate (at constant urine flow)
influenced the occurrence of refluxes. The first
group included all rats with urine flows below 2.5
lmin1 100 g body wr1. The second group includ-
ed all rats with urine flows above 2.5 lmin1 100 g
body wr'. Full refluxes were not associated with
the higher urine flows, and no difference in reflux
pattern is seen between the two groups (Table 4).
In 35 hamsters, each observed continuously for
an average period of 61.5 mm (range, 23.6 to 148
mm for a total of 2152.5 mm), no full refluxes oc-
curred. Tip refluxes were observed occasionally in
15 of the hamsters (Table 4). Urine flow rate ranged
from 0.52 to 3.50 lmin1100 g body wt1. The
hamsters, as the rats, were divided into two groups.
The first group had urine flows below 1.5
lmin1100 g body wt'; the second group had
urine flows above 1.5 lmin1100g body wt1. No
difference in reflux pattern was seen between the
lower and higher urine flow rates (Table 4).
When urine flow was increased acutely by an i.v.
bolus injection of 0.5 ml of saline, full refluxes
started in both rats and hamsters (Table 5 and Fig.
6). In 5 out of 6 rats, the average time of onset was
0.89 (sEM) 0.17 mm alter the beginning of the
injection. In one of the rats, tip refluxes were seen
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+/
/ // /iiI1 1iI
H C. H H 0 H IIZ F- LU H7 77/ / / 7/ // /// / / / / /
/ / / / / /
*
OM
F'
4kF'OM
B
426 Schmidt-Nielsen et al
Fig. 5. Fixed kidney of hamster following pelvic infusion in vivo of bromcresol green. Bromcresol green was infused into the pelvis during
full refluxes (rate of infusion 12% of urine flow rate). The dye was carried with the urine to all parts of the pelvis, staining inner (IM) as
well as outer medulla (OM) facing the pelvis, a Cross-section (X1O) perpendicular to the short axis close to the center of the kidney. The
inner medulla is deeply stained. b Cross-section (XIO) 2 mm from section shown in view a. PPC is peripelvic column in which OM is
stained. c Cross-section (x1O) 4mm from center. The green urine has reached the fornices (F) which border OM. d Cross-section (x/4) I
mm from kidney pole. The end of the fornices (F) are green.
Table 4. Refluxes during constant infusion (constant urine flow)
Urine flows
pJ'min'IOOg'
No
reflux
Full
reflux
Tip
reflux
Group Irats5 1.96 0.60
5.61 1.56
9/22
8/9
3/22
1/9
10/22
0/9
Hamstersc 1.09 0.39
2.65 0.56
15/24
5/11
0/24
0/11
9/24
6/11
Values are the means SD.
bTotal observation time was 1572 mm; total full reflux time
was 2 mm.
Total observation time was 2152 mm; total full reflux time
was 0 mm.
rather than full refluxes, starting 0.4 mm after the
injection began.
In hamsters, the bolus injection of 0.3 to 0.5 ml of
saline was followed by full refluxes in 18 out of 26
animals within 0.80 0.19 mm after the start of the
injection.
When urine flow was increased gradually by in-
creasing the infusion rate, full refluxes started in
both rats and hamsters after a lag time of 7 to 44 mm
(Table 5 and Figs. 6 and 7). In 5 rats in which the
infusion rate was increased from 10 to 50 1min1,
full refluxes started after an average lag time of 13.8
3.4 mm. In 3 of these rats, tip refluxes alternated
with full refluxes. In 7 hamsters in which the in-
Table 5. Reflux response to increasing urine flow
No Full Tip
reflux reflux reflux
Rats (group I)
Bolus injections in jugular
vein, 0.5 ml saline 0/6 5/6 1/6
Increased infusion from 10
to50dmin' 0/5 5/5 1/5
Hamsters
Bolus injections in jugular
vein, 0.3 to 0.5 ml saline 6/26 18/26 2/26
Increased infusion from 5
to 20 or 50 l min' 1/7 6/7 0/7
fusion rate was increased from 5 to 20 or from 5 to
50 lmin', full refluxes started in 6 animals after
an average lag time of 29.7 6.2 mm.
Four rats not included in Table 4, which had been
preloaded with 0.2% saline and infused with 50
lmin1 from the start (see Methods), started to re-
flux 38.5 9.0 mm after the start of the infusion and
shortly after the completion of surgery.
The relationship between increase in urine flow
rate and reflux pattern as calculated from the 30-mm
urine collection periods in the 5 rats with increased
infusion indicated that full pelvic refluxes started
whenever urine flow (calculated per two kidneys)
exceeded 0.02 tlmin2 100 g body wr1. Due to the
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Fig. 6. Effect of bolus injection and increased infusion. Upper graph Munich Wistar rat. Pelvic contraction and reflux rates are plotted
against time. The ordinate is renal pelvic contraction rate (X) and full reflux rate (0). Urine flow rate for 30 mm periods are shown above.
The abscissa is time in minutes since the animal was anesthetized. Urine flow for experimental kidney only is shown above graph. Lower
graph Hamster. Symbols are the same as above. Urine flow was not measured in the hamsters. Tip refluxes (A) occurred after the
infusion rate was decreased.
length of the urine collection periods, however, any
rapid but short-term change in urine flow that might
have occurred could not be measured, and it was
not clear if refluxing continued for awhile when the
urine flow was no longer increasing. For this rea-
son, measurements of instantaneous changes in
urine flow (see Methods) were made in rats (group
II) while the pelvic function was observed and re-
corded continuously. Examples of this type of ex-
periment are shown in Fig. 8. It can be seen that the
urine flow sometimes rises very steeply following a
bolus injection and that a steep rise in urine flow is
accompanied by full pelvic refluxes that continue
even when the urine flow is falling.
The results of nine such experiments with bolus
injections and twelve experiments with increased
infusion rate are presented in Fig. 9. The threshold
for the start of refluxing is 2 lmin2 100 g body
wr' following bolus injection, but is only 0.05
lmin2 100 g body wr1 following increased in-
fusion rate. Thus, when the urine flow is acutely in-
creased, the threshold for refluxing is higher than it
is when urine flow is increased more gradually.
As it was clear that increasing urine flow rate
caused the urine to reflux in the renal pelvis, the
question was what the stimulus for this refluxing
might be. Several chance observations made during
various experiments indicated that increased pelvic
pressure may initiate refluxing and that a certain
area on the pelvis was particularly sensitive to con-
tact. Thus, full pelvic refluxes were seen if the ani-
mal micturated during the experiment. It was also
observed that while the bladder was contracting ret-
rograde ureteral peristalsis occurred, which result-
ed either in tip reflux or full refluxes. Electrical or
mechanical stimulation of the bladder also caused
retrograde ureteral peristalsis and refluxes. Lifting
the ureter near the pelvis caused refluxing. Finally,
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it was found that touching an area located near the
tip of the papilla caused refluxing. Whenever this
area was mechanically stimulated, that is, by touch-
ing it with forceps or with the fibre optic light, re-
fluxing started immediately and continued as long
as this area was in contact with the instrument.
Consequently, to test the effect of increased pel-
vic pressure, we raised the pelvic catheter in in-
crements of 0.5 cm. We found that whenever the
catheter was raised 1 cm above the height of the
pelvis, full pelvic refluxes were initiated. They sub-
sided when the catheter was lowered and resumed
each time the catheter was raised 1 cm or more.
Thus, it appears that an increase in pelvic pressure
of 1 cm H20 will initiate pelvic refluxes.
Discussion
The major findings of the present study are that
full pelvic refluxes do not occur during constant (or
falling) urine flow. They do occur regularly during
rising urine flow and appear to be induced by in-
creased pressure in the renal pelvis. During full pel-
vic refluxes, urine reaches all of the fornices and
secondary pouches of the pelvis. Tip refluxes, on
the other hand, occur randomly during constant or
rising urine flow.
Validity of methods. In the past, the methods
used to study the pelvic function or motility have
included in vitro measurements of the contractive
function of the musculature, intrapelvic pressure
recordings in vivo, electromyography, and cinefluo-
rography [1, 19]. The methods have not lent them-
selves well to the study of the movement of the
urine in the renal pelvis, and this may be the reason
that pelvic refluxes have received little attention in
the past. Visual observations with dyes to make the
urine visible have been used to study ureteral [1]
but not pelvic function, because in larger animals
the pelvis is hidden under the overlapping cortical
tissue.
In the present studies, we took advantage of the
fact that in certain small rodents the pelvis projects
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Similarly, that we found only a small decrease in
GFR and urine volume and a small increase rather
than decrease in urinary solute concentrations from
the experimental kidney shows that the renal func-
tion was not drastically affected and that the con-
centrating ability was maintained.
In an earlier study [6], pelvic refluxing occurred
sporadically and was probably the result of the sur-
gical procedure. We now know that mechanical
stimulation of the pelvis, ureter, or bladder results
in refluxing, and thus careful surgical preparation is
paramount to assure proper pelvic function during
experimentation. Our two methods of observing the
pelvis, both of which avoided stress or pull on the
upper urinary tract, repeatedly gave the same type
of results, and this indicates that the observed pat-
terns of refluxing were a reflection of physiologic
events rather than procedural artifacts.
Renal pelvic motility and refluxes. The mus-
culature in the wall of the renal pelvis or human Ca-
lyces is somewhat similar to that of the ureteral
wall, but it consists of two rather than three layers
[19]: an inner layer of longitudinal fibers and an out-
er layer of circular or obliquely running fibers. The
layer of circular fibers surrounding the papilla has
also been called sphincter papillae [3]. In the calyx,
as in the ureter, right and left wound bundles cross
each other and make a plait [19, 20]. These muscle
layers in the pelvis of the hamster and other rodents
are located under the transitional epithelium of the
pelvic wall and continue into the pelvic septum [11].
They also reach into the fornices, but a detailed de-
scription of fornical muscles in animals with exten-
sive fornices is not available. Narath [3] described a
musculus levator fornice in the human calyx, which
consists of longitudinal fibers running from the top
of the fornix toward the cortex. Such fibers have
not been seen in our studies [12]. The present find-
ings that a pelvic peristalsis pushes the urine out of
the collecting ducts and pelvis can thus be ex-
plained by the organization of the musculature in
the pelvic wall and septum. The pelvis actually
milks the papilla, as suggested by Henle but later
denied by Narath.
Narath [3] described a sphincter in the neck of the
calyx. Our functional studies of pelvic motility in
rodents indicate the presence of a functional sphinc-
ter at the uretero-pelvic junction. The retrograde
movement of the papilla at the completion of each
contraction indicates that the papilla is being
pushed upward by the pressure generated by the
contraction of the uretero-pelvic junction. The pres-
sure that pushes the tip of the papilla upward as the
0 30 60 90 120 150 180
Time, Sec
Fig. 8. Relationship between urine flow rate and occurrence of
pelvic refluxes in three Munich Wistar rats following bolus injec-
tion. Urine flow rates are presented for the experimental kidney
only in this graph. Animals presented in graphs a and b were
preloaded with 0.5 ml saline, and the bolus injection caused a
steep rise in urine flow occurring within seconds following the
bolus injection. In the rat presented in graph c (not preloaded),
the rise in urine flow was less steep and refluxing did not occur.
Results of all bolus and increased infusion experiments are sum-
marized in Fig. 9.
beyond the rim of the cortex. This is the case in
both the Munich Wistar rat and in hamster. In addi-
tion, the Munich Wistar rat is particularly well suit-
ed for these experiments due to the lack of fat
around the hilum, pelvis, and ureter.
Placing the kidney in the usual micropuncture
stabilizing cup [22] has been shown to cause a re-
duction in urea and osmotic concentration of about
50% in the papilla of the experimental kidney as
compared with the undisturbed contralateral kidney
[15]. We were able to avoid this effect by either sup-
porting the kidney on a shallow trough, or as in the
majority of the hamster experiments, leaving the
kidney entirely in situ. In both types of exposure of
the pelvis, the papilla tissue osmolality and solute
concentrations of the experimental kidney were not
different from those measured in the control kidney.
.5
Change in urine flow, p1min2 1OOg'
Fig. 9. Increases in urine flow rate associated with full pelvic refluxes in rats (group II). The abscissa shows the increase in urine flow rate
plotted for convenience on a logarithmic scale. The data are expressed for two kidneys. The ordinate shows 'Reflux," that is, the
occurrence of full pelvic reflux on each contraction. The graph on the left represents data from 12 rats. The graph on the right represents
data from 9 rats. Note that the threshold for refluxing is approximately 0.05 tl min2 100 g body wr' following increased infusion rate
from 10 to 50 gl min', and is 50 times higher following a bolus injection of 0.5 ml saline.
peristalsis moves from the pelvis to the ureter also
frequently results in a small tip reflux as the urine
left at the opening of the ducts of Bellini is pushed
backwards over the papilla.
Regular contractions of the human calyces and of
the pelves of other mammals have been recorded by
previous investigators [3, 21, 23, 24], and a pace-
maker for pelvic and ureteral contractions has been
located in the pelvis [25, 26]. The movements of
urine within the pelvis has, however, been the sub-
ject of some controversy. Narath [3] suggested that
the calyces regularly fill and empty, a view shared
by Boyarsky [1, 2], but not by Kiil and Setekleiv [19].
It is surprising that none of the previous investi-
gators have observed that pelvic or calyceal filling
changes under different physiologic conditions.
From the findings reported here, it is clear that full
pelvic refluxes do not occur (in the anesthetized ani-
mal) during constant urine flow whether the flow is
low or high. Indeed, during a total of 52 hours of
observation in 31 rats and 35 hamsters, full refluxes
occurred in only 4 rats and during a total time of 2
mm. Tip refiuxes, on the other hand, occurred occa-
sionally at constant as well as at rising urine flow.
The regularity with which full pelvic refluxes oc-
curred during volume expansion (23 out of 32 ani-
mals given a bolus injection and 11 out of 12 animals
subjected to increased infusion rate) strongly sug-
gests that full pelvic refluxes are associated with a
rising urine flow. This association was clearly con-
firmed by the experiments in which urine flow was
monitored at short time intervals (Figs. 8 and 9).
Whether or not refluxing is initiated clearly depends
on the rate of rise of urine flow. This, however, is
not the only factor. Indeed, the threshold for initia-
tion of refluxing was 50 times higher in the bolus
injection experiments compared with the increased
infusion experiments (Fig. 9).
The mechanisms regulating full pelvic refluxes
are not known, but the present data suggests that
they are rather involved. Pelvic pressure may play
an important role in the initiation of refluxing fol-
lowing a bolus injection, as suggested by the obser-
vation that a pressure of 1 cm H20 induces full re-
fluxes. In the example shown in Fig. 7, reflux fre-
quency increased gradually over a 60-mm period
and may be a response to a small rise in urine flow.
Other observations also indicate that the bladder,
ureter, and extracellular volume influence the oc-
currence of pelvic refluxes. Pelvic refluxes appear
not to subside when the urine flow decreases, but
may continue for several minutes. How long pelvic
refluxes continue after a rise to a new level of urine
flow has not been determined in this study.
The physiologic role of full pelvic refluxes cannot
be evaluated from the present study. It could be
purely a urodynamic phenomenon that serves no
particular purpose or it could be that the bathing of
the outer medulla during rising urine flow (falling
urine concentrations) in some way helps to de-
crease the solute concentration in the inner me-
dulla. The extensive elaborations of the renal pel-
vis, particularly the areas of the outer medulla [11],
and the finding that the refluxing urine contacts all
areas of the pelvis suggest a physiologic role of the
full pelvic refluxes.
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